Abstract-Liquid crystal substrates have been shown to provide the means to develop low-cost, reconfigurable, adaptive and tuneable microwave and MM-wave devices for mobile and wireless communication systems. However, techniques for the characterisation of materials, device fabrication and design are necessary in order to take maximum advantage of the possibilities that these materials offer. This includes appropriate modelling methods to simulate accurately the switching behaviour of the liquid crystal and the characteristics of the wave propagation through the devices, taking full consideration of the point-by-point variation of the material tensor permittivity. We describe these techniques here and show their application in the design of a meander-line phase shifter.
I. INTRODUCTION
Reconfigurable, adaptive or tuneable microwave devices such as filters, couplers, antennas and phase shifters are required in modern radars as well as in mobile and wireless communication systems. Liquid crystal materials have been shown to be attractive for these applications [1] [2] [3] [4] [5] [6] . Liquid crystals are liquid anisotropic materials with a tensor permittivity that can be controlled by an external, low-power, low-frequency, low-voltage signal applied across suitably placed electrodes, which can be the same metal elements used in the device for RF waveguiding. The nonuniform lowfrequency electric field thus generated causes the local reorientation of the liquid crystal material. This is reflected as a nonuniform reorientation of the permittivity tensor. In consequence, different RF field components will experience different permittivities and a proper device design should take this into account.
In order to find accurately the tensor permittivity distribution over the whole substrate, a proper modelling of the liquid crystal behaviour in the confines of the device and under the effect of a nonuniform electric field is necessary. Furthermore, material characteristics in the frequency range of operation need to be known.
In this work we show finite element software developed for the material characterisation and for the analysis and design of microwave or millimetre-wave devices using a meander line phase shifter as an example.
II. MATERIAL CHARACTERISATION AND FABRICATION ISSUES

A. Planarisation and surface treatment
Liquid crystal device technology has been developed for displays and photonic devices operating in the optical range and its application in microwaves presents some different challenges. Optically planar surfaces are required to induce a proper liquid crystal anchoring and surface alignment but commonly used substrate materials for planar microwave devices have a large surface roughness, frequently in the range of a few microns. In consequence, the surfaces that will be in contact with liquid crystal should be appropriately coated with thick layers to reduce the surface roughness to values in the order of 0.1 or 0.2 μm before alignment treatments such as rubbing are applied. Photo-alignment treatment can also be very effective in the design of complex devices if a patterned alignment is necessary to take full advantage of the liquid crystal anisotropy in relation to the local orientation of the RF electric field. For example, if the device contains lines in different directions or curves and the dominant RF field components will also change, a liquid crystal alignment that ensures the maximum effect on the dominant field components over all the device is desirable.
B. Material characterisation
Liquid crystal properties are well known in optical frequencies but few materials have been characterised in microwave frequencies. The same techniques used in optics are impractical in microwaves due to the large cell thickness required.
We take a comprehensive approach in modelling both the liquid crystal orientation and the electromagnetic field [7] , [8] to develop a wideband characterisation method [9] . The permittivity tensor distribution 978-1-5090-6393-2/17/$31.00 ©2017 Crown ε ⊥ is the relative permittivity calculated in the direction perpendicular to the long axis of the liquid crystal molecules and ε Δ is the dielectric anisotropy. The desired material properties are then obtained through the comparison of the modelling and the experimental results for a simple, specially designed cell [10] within an optimisation procedure, as shown in Fig. 1 . 
III. DEVICE MODELLING
For the modelling of general devices we adopt a similar procedure used for the characterisation where the results of an accurate liquid crystal modelling are used to determine the point-by-point values of the permittivity tensor, which is then mapped onto the finite element mesh used for the electromagnetic modelling.
A. Liquid Crystal Modelling
The orientation of the liquid crystal is found by minimizing a free energy functional, which comprises elastic, electrostatic and surface contributions:
where fD, fE and fS are the elastic, electric and surface energy densities. The elastic energy density is given by:
where K11, K22 and K33 are the splay, twist and bend elastic constants of the liquid crystal material. The electric energy density is defined as
The solution of this nonlinear problem is found by seeking for the stationary values of the total free energy in (1) in a finite element implementation, alternating between the calculation of the director field and the electric potential, until convergence is reached.
B. Electromagnetic Modelling
In order to take into account the nonuniform characteristics of the liquid crystal switching, an accurate modelling of the electromagnetic wave propagation through the device is needed. The method we employ is a scattering approach based on a variational formulation of the Helmholtz equation and finds the full electromagnetic field in the device, or in specified ports, when an excitation field is applied. The device is contained in a region bounded by either metal walls or absorbing boundary conditions. The variational expression for the case of two ports is [11] :
The excitation vectors 1,2 inc U are determined from the modal fields at the ports and are given by:
The modal fields E are obtained by modal analysis [9] on the surfaces S1 and S2 of the ports. Fig. 2 shows a schematic diagram of the meander line phase shifter studied here. 
C. A meander line phase shifter
IV. CONCLUSIONS
A modelling procedure for the analysis and design of liquid crystal-based microwave devices has been discussed and demonstrated with an example of a meander line phase shifter. The method combines an accurate calculation of the nonuniform tensor permittivity over the whole liquid crystal substrate, via the modelling of the liquid crystal switching with the modelling of the electromagnetic wave propagation through the device when an excitation field is applied at one defined port.
